A technique for detecting ion suppression in LC/MS was developed by adding a specific concentration of a probe molecule to an LC mobile phase. The probe is sufficiently acidic and hydrophilic, such that the intensity of the protonated probe, as analyzed in a mass spectrometer, is expected to decrease much more than those of other analytes when ion suppression occurs. Thus, the potential occurrence of ion suppression is detected by monitoring the intensity of the protonated probe. However, the probe has been developed for limited conditions of the LC mobile phase used in proteomics. In this paper, we examine the probe's applicability to the experimental conditions used in pharmacokinetics and drug metabolism. Our results demonstrate that the probe can be used in mobile phases, in which the pH ranges from 1.8 to 6.7 and the organic solvent concentration ranges from 10 to 90%. Furthermore, the detection of ion suppression in the analysis of Omeprazole in human plasma was demonstrated by increasing the amount of the plasma in the sample solution.
Introduction
Quantitative analysis using a liquid chromatograph/mass spectrometer (LC/MS) is widespread, especially in pharmacokinetics, drug metabolism, biomarker discovery, and pesticide analysis. 1, 2 However, even if the analytical method is well validated, an unexpected change in the matrix concentrations in biological samples may cause ion suppression in LC/MS analysis. 3, 4 When ion suppression occurs, the ionization efficiencies of sample molecules decrease in accordance with their chemical properties, so quantitative analysis becomes difficult. The effect of ion suppression in quantitative analysis can be overcome by using stable-isotope labeling techniques. 5 However, since these techniques are rather laborious and expensive for high-throughput analysis, label-free quantitative LC/MS analyses are carried out in many laboratories. The potential occurrence of ion suppression can be reduced by reducing the sample volume, desalting the sample, and increasing the electrical conductivity of the liquid chromatograph (LC) mobile phase. 6 Nevertheless, detecting the occurrence of ion suppression is difficult.
We have developed a technique for detecting potential ion suppression for biomarker discovery in proteomics using nanoflow LC/MS. In this technique, a specific concentration of a very hydrophilic and acidic probe is added to an LC mobile phase, and the intensity of the protonated probe is monitored. We confirmed that when ion suppression occurs the intensity of the protonated probe decreases more than those of other ions, under the conditions that the organic solvent concentration of the LC mobile phase is less than 50%, and that the pH of the mobile phase is about 3. 7 In this study, we consider the applicability of using the probe in LC mobile phases, which are used in pharmacokinetics and drug metabolism, and show a typical example of detecting ion suppression using the probe in a pharmacokinetics study.
Probe Used to Detect Potential Ion Suppression
In the following, we briefly describe the characteristic features of a probe used for detecting potential ion suppression. In LC/MS electrospray ionization (ESI) is the most popular interface. In ESI, charged droplets are formed from an LC effluent by an electrical force, and in a charged droplet, liquid-phase ions with the same polarity are concentrated near the inside of the droplet surface because of a Coulomb repulsive force. As solvent molecules evaporate from the droplet, the droplet size is decreased, and the ions are concentrated. Finally, gaseous ions are produced from fine droplets through ion evaporation or charged residue mechanisms. [8] [9] [10] Thus, ions analyzed in a mass spectrometer originate from the liquid-phase ions in the charged droplet, although some are produced through gas-phase ion/molecule reactions. 11 When the number of charges is much higher than that of molecules near the inside of the droplet surface, molecules are charged in accordance with their chemical properties, and the ionization efficiencies for each molecular species remain constant. 12 Under these conditions, label-free quantitative analysis is readily performed. On the other hand, when the number of charges on the inside of the droplet surface is comparable to, or less than, that of the number of analyte molecules, charge competition occurs among the molecules. [13] [14] [15] 68 ANALYTICAL SCIENCES JANUARY 2009, VOL. 25
As a result, the ionization efficiencies of some molecules decrease appreciably compared with those of other molecules, i.e., rather basic ones. This decrease in the ionization efficiency is called ion suppression. In general, correcting for a decreased ionization efficiency to carry out quantitative analysis is difficult because the decrease ratio of ionization efficiency depends on the chemical properties. However, at the positively-charged droplet surface, acidic and less surface-accessible (hydrophilic) molecules are likely to be less protonated than basic molecules when ion suppression occurs. Thus, to detect the potential occurrence of ion suppression, using a probe molecule that is more acidic and hydrophilic than other molecules is very plausible, as shown in Fig. 1 . Then, the ion intensity of the protonated probe will decrease more significantly than that of other protonated molecules.
On the basis of the above considerations, synthesized peptide DSSSSS is proposed as a probe, where D is the typically acidic amino acid, known as aspartic acid and S is the typically hydrophilic amino acid, known as serine. 7 The characteristic features of the probe are: 1) very acidic with an isoelectric point of 3.80, which is the lowest among peptides 16 and 2) substantially less surface accessible than other molecules, because amino acids are very hydrophilic. Furthermore, no multiply charged probe molecule was detected in a mass spectrometer, but singly protonated probe molecules were detected at m/z 569.2. Note that the probe concentration in the LC effluent should not be very high for routine analyses, although the ionization efficiency of the probe is rather low. A probe can be synthesized using an amino-acid sequence including two or three D, but the isoelectric point is almost unchanged, and the ionization efficiency becomes much lower. As a result, the probe concentration should be too high to carry out stable routine analysis.
On the other hand, in LC/MS analyses, especially those of pharmacokinetics and drug metabolism, a mobile phase with a very high concentration of organic solvent is often used. Then, a very hydrophilic probe may not have a very low surface accessibility at an organic solvent concentration greater than 50%. 17 
Experimental
Synthetic peptides were purchased from Toray Research Center (Tokyo, Japan).
Omeprazole was purchased from LKT Laboratories (St. Paul, MN, USA). All reagents were of sequence grade, and water was obtained from a Milli-Q system (Millipore, MA, USA).
In pharmacokinetics studies, human plasma with 2Na-EDTA (ethylenediamine-tetraacetic acid) was purchased from Biopredic International (Rennes, France). Omeprazole was added to the plasma at a specific concentration, and then proteins in the plasma were precipitated by adding acetonitrile to the sample, and were removed using a centrifuge. The clean layer of the centrifuged plasma sample was then evaporated and reconstituted in acetonitrile/water (50/50%, v/v) as a sample solution. The sample solution (20 mL) was injected by an autosampler (HTC-PAL, CTC Analytics, Switzerland), and separated using a Cadenza CD-C18 column (2.0 mm ¥ 50 mm, 3 mm, Imtakt, Japan) in an LC system (Agilent 1100, CA, USA). Typically, a mobile phase of 0.01 M-CH3COONH4/CH3CN/ CH3COOH (600/400/0.15) was introduced at a flow rate of 0.2 mL/min (isocratic). A 1-mM probe solution was added postcolumn at a volume of 2.5% of the total volume of the LC effluent. Then, the LC effluent mixed with the probe solution was introduced into an ESI (pneumatically assisted ESI) interface of a triple-quadrupole mass spectrometer (Quattro Ultima, MicroMass, UK) or a quadrupole ion-trap mass spectrometer (Esquire 3000, Bruker, Germany).
Results and Discussion

Applicability of the probe
In pharmacokinetics studies, the pH of the LC mobile phase ranges from 2 to 6, and the concentration of the organic solvent, such as methanol (MeOH) or acetonitrile (ACN), ranges from 10 to 90%. Thus, the intensity of the protonated probe molecule (DSSSSS) is measured as a function of the pH and the organic solvent concentration of the LC mobile phase using the quadrupole ion-trap mass spectrometer. The mobile-phase pH is adjusted by adding formic acid to the ammonium acetate solution at a particular concentration of the organic solvent. Figure 2 shows the intensity of the protonated probe as a function of the organic-solvent concentration of the mobile phase under several pH conditions. As shown in the figure, the intensity of the protonated probe is almost independent of the mobile-phase pH. On the other hand, the intensity increases with an increase in the methanol concentration, and the increase is almost independent of the organic solvent (methanol or acetonitrile). This increase corresponds to an increase in the ion-formation efficiency of the probe. On the other hand, as shown in Fig. 3 , the ion current produced by ESI is almost independent of the organic solvent concentration and the pH of the mobile phase, and so the number of charges on the droplet surface seems to be almost unchanged. Furthermore, the permittivities for aqueous solutions of methanol and acetonitrile have almost the same dependence on the organic solvent concentration. 18 Thus, the increase in the intensity may be ascribed to the organic-solvent concentration dependence of the ion evaporation rate from the droplet, 8 and to the high volatility of the organic solvent because the ion-formation efficiency is increased by an enhancement of the solvent evaporation of the droplets. Otherwise, the surface accessibility of the probe is expected to increase appreciably with increasing organic-solvent Fig. 1 Formation of the protonated probe molecule with an ionization efficiency sensitive to the occurrence of ion suppression. In positively charged droplets, most probe molecules are deprotonated and concentrated in the central region of the droplet, but some probe molecules do not undergo deprotonation because of their dissociation equilibrium. These neutral probe molecules with a low surface accessibility mostly remain in the droplet, but only a small part of the probe molecule can reach the droplet surface (1). Then, the protonated probe may be formed near the surface (2) and emitted from the droplet as a gaseous ion, as solvent molecules evaporate.
concentration because of the hydrophilicity of the probe, which leads to an inconsistency with our concept that the intensity of the protonated probe should decrease much more than that of most protonated molecules when ion suppression occurs.
To examine the effect of the hydrophilicity of the probe, a new peptide of FDFSF was synthesized, where F was typically a hydrophobic amino acid of phenylalanine, and it had an isoelectric point almost identical to that of the probe. The probe was expected to have a much higher surface accessibility in charged droplets than the peptide when the mobile phase with a high organic solvent concentration is used. Thus, if the surface accessibility of the probe is increased by its hydrophilicity at a high organic solvent concentration, the intensity of the protonated probe should have a higher organic solvent concentration dependence than that of FDFSF.
Compared with the results in Fig. 2 , the intensity of the protonated FDFSF, as shown in Fig. 4 , is about an order of magnitude higher than that of the protonated probe. This can be ascribed to the higher hydrophobicity of FDFSF. On the other hand, the increase in the intensity as a function of the organic solvent concentration is quite similar to that shown in Fig. 2 , and the intensity at an organic solvent concentration of 90% was about an order of magnitude higher than that of 10%. Thus, the increase in intensity of the protonated probe shown in Fig. 2 cannot be explained in terms of hydrophilicity of the probe. Therefore, we concluded that the probe can be widely used in pharmacokinetic studies.
Pharmacokinetics study
In studies of pharmacokinetics and drug metabolism, quantitative analysis has been extensively carried out with LC/MS systems.
In the following, an example of ion suppression detection in a pharmacokinetics study is described in terms of an increased amount of plasma. Omeprazole, which is known as a typical proton-pump inhibitor, was added to human plasma at a final concentration of 2 ng/mL. Then, the sample solution (20 mL) from plasma (0.45 mL) after protein precipitation was analyzed in the LC/MS. The intensities of fragment ions of the protonated Omeprazole and the protonated probe were detected at m/z 198 and 359, respectively, and these ions were analyzed in the Selected Reaction Monitoring (SRM) acquisition mode. Furthermore, a sample solution (20 mL) from the plasma (4.5 mL) was also analyzed using the LC/MS system, where a constant amount of injected Omeprazole was maintained.
The obtained mass chromatograms are shown in Fig. 5 . In (a), (b), and (c), the intensity of the fragment ion of the protonated probe decreased significantly at a retention time of about 0.6 min. In (a), the decrease in the intensity can be ascribed to the occurrence of ion suppression caused by contamination of the mobile phase at the injection valve. However, in (b) and (c) the decrease is more significant than in (a). This is probably because some chemical compounds from the sample solution contribute to the contamination. Then, as shown in (d), the protonated Omeprazole was detected at a retention time ranging from 1.1 to 1.8 min. The intensity of the protonated probe was almost constant at the retention time range shown in gray for plasma samples (0 and 0.45 mL). This means that no ion suppression occurred. However, for a plasma sample of 4.5 mL the intensity decreased appreciably within the retention-time range. The decrease in the intensity was about 11% at a retention time of 1.35 min, which corresponds to that of the intensity peak of the fragment ion of protonated Omeprazole. This shows that ion suppression occurred at the retention time. Figure 6 shows the intensity of the fragment ion of the protonated Omeprazole at 1.35 min as a function of the plasma amount. The intensity at 4.5 mL was 12% lower than those at 0 and 0.45 mL. Within our experimental uncertainty of 2%, the decrease in the ratio is in agreement with our prediction (11%) that the decrease ratio of the intensity of the protonated probe should be higher than that of other protonated molecules. With respect to quantitative analysis, the peak area for the protonated Omeprazole at 4.5 mL was 12% lower than those at 0 and 0.45 mL, although the decrease in the intensity of the protonated probe ranged from 8 to 22%, as shown in Fig. 5(c) .
Conclusions
We confirmed that the probe for the detection of ion suppression of protonated molecules in an LC/MS system with an ESI interface was widely used in pharmacokinetics and drug metabolism studies. The confirmed LC mobile phase conditions were: 1) the pH must be between 1.8 and 6.7, and 2) the organic solvent concentration should be between 10 and 90%. Note that the ion intensity could be changed because of gas-phase ion/ molecule reactions, 11 when sample molecules have significantly high or low proton affinities, but it is difficult to detect the occurrence of gas-phase reactions with our probe.
The potential occurrence of ion suppression is generally reduced by reducing the amount of the sample, desalting the sample, increasing the electrical conductivity of the LC mobile phase, or reducing the flow rate of the LC mobile phase. 6 Thus, using the probe in optimization of the sample preparation protocol and analytical conditions is convenient. Furthermore, a significant pollution of an injection valve can be detected using the probe. For example, in Fig. 5(a) the intensity for the fragment ion of the protonated probe shows a significant decrease at about 0.6 min. This can be ascribed to the occurrence of ion suppression caused by the contamination at the injection valve; thus when the decrease becomes serious, cleaning the valve is recommended.
Correcting for the effect of ion suppression of each molecule is difficult because the decrease ratio of the intensities for other protonated molecules depends on the chemical properties of the molecule. However, the decrease ratio of the intensity of the protonated probe is expected to be the highest among those of other protonated molecules. Thus, the obtained data can be used for quantitative analysis, when the decrease ratio is accepted as an experimental uncertainty. experiments performed at an early stage of this work. They also thank Ms. Masako Ishimaru of Hitachi CRL for her invaluable assistance.
